Background: Late gadolinium enhancement (LGE) on cardiac magnetic resonance imaging (CMR) has been recommended to distinguish Tako-tsubo cardiomyopathy (TTC) from either acute myocardial infarction or myocarditis. Method: 44 consecutive patients with confirmed Mayo Clinic criteria for TTC underwent CMR imaging at 1.5 Tesla during the acute phase. 10 patients who had CMRI to exclude scar related ventricular tachycardia, and had negative studies, were used as negative controls.
Introduction
The "Tako-tsubo" cardiomyopathy (TTC), also known as apical ballooning syndrome or stress cardiomyopathy [1] , is an emerging clinical syndrome presenting with acute chest pain or dyspnoea, associated with new ST-T segment abnormalities, regional transient myocardial dysfunction, typically localized at left ventricular (LV) apex and usually extended beyond a single vessel territory, serum cardiac enzyme release and absence of significant coronary lesions at coronary angiography [2] . Among patients presenting with clinically suspected acute coronary syndrome (ACS), its prevalence is reported to range between 1.2%-2.0% and it occurs almost exclusively in postmenopausal women, being often, but not exclusively, associated with emotional or physical stress [3, 4] . Tako-tsubo cardiomyopathy now accounts for up to 1% of admissions for suspected myocardial infarction in Japan, and is increasingly recognised in the West owing to primary coronary intervention, accounting for up to 1 in 30 cases of primary angioplasty [5, 6] . The pattern of left ventricular dysfunction has been labelled in Japanese as "Tako-tsubo" cardiomyopathy due to its resemblance to the traditional Japanese octopus-pot [7] , and elsewhere in the world has also been termed "transient left ventricular apical ballooning" and "stress cardiomyopathy" [1, 8] . Cardiac MRI has been used to evaluate myocardial viability and all patients had coronary angiography to rule out atherosclerotic CAD as a substrate for the ventricular dysfunction [8] . Given that positive serum troponin and oedema occur in patients with Tako-tsubo cardiomyopathy, we hypothesised that Late Gadolinium Enhancement (LGE) may be detected by CMR when performed in the acute phase, and LGE has been reported in TTC cases
Method
44 consecutive patients with confirmed clinical, ECG, angiographic and left ventriculographic findings of TTC using the Mayo Clinic criteria were prospectively enrolled in the study at the time of initial hospitilisation [11] [ Fig. 1 ]. All patients underwent invasive coronary angiography, confirming the absence of significant epicardial coronary artery stenosis with presence of wall motion defect at ventriculography (either 'typical' apical ballooning, or ballooning of the mid-segments of the anterior wall, referred to as 'mid-wall variant'). In all patients screening for pheochromocytoma was performed with both serum and urine metanephrines [12] .
CMR was performed in the acute phase as soon as the patient was clinically stable, using a 1.5 Tesla system (Signa Twinspeed, GE Healthcare, Milwaukee, WI, USA) with an 8-element cardiac phased array coil. Steady state free precession (SSFP) images were acquired in multiple planes using the following protocol: TE 1.5 ms, TR 3.4 ms, flip angle 45, receiver bandwidth ± 125 kHz, FOV 35 cm, slice thickness 8 mm, slice gap 2 mm, acquisition matrix 224 × 224, number of averages = 1, ECG gating, k-space segmentation 16 views per segment. Twenty cardiac phases per slice were reconstructed. T2-weighted (T2w) oedema imaging was performed in the same short axis slice locations using a fat-suppressed double inversion recovery sequence.
Late gadolinium enhancement (LGE) imaging was performed in the same slice locations as SSFP images, at 10 and 20 min following intravenous administration of 0.2 mmol/kg of gadolinium-DTPA using a segmented inversion recovery fast gradient echo sequence with the following parameters: TE 2.8 ms, TR 6 ms, TI 170-250 ms (depending on time elapsed since injection), flip angle 20, receiver bandwidth ±31 kHz, FOV 35 cm, slice thickness 8 mm, slice gap 2 mm, acquisition matrix 256 × 160, number of averages = 2, ECG gating with k-space segmentation of 24 views per segment. All images were acquired at end expiration using respiratory bellows to confirm compliance with breathing instructions. Measures of ventricular function were derived with MASS software (MEDis Medical Imaging Systems, Leiden, NL) on an Advantage Windows workstation (GE Healthcare, Milwaukee, WI, USA). In cases where quantitative assessment of the right ventricle was required, imaging was performed using the modified RV short axis series [13] .
Quantification of late gadolinium enhancement was assessed as recommended by the International Consensus Group on Cardiovascular Magnetic Resonance in Myocarditis [14, 15] . Using a crossplane localizer, the regions of LGE were cross-referenced to the corresponding areas of hypokinesis on SSFP images, and visually analysed for presence of increased signal intensity of LGE images. LGE was quantitated using the cvi 42 software (v4.1.5, Circle Cardiovascular Imaging, Calgary, Canada).
Endocardial and epicardial contours were manually drawn in the short axis and two long axis frames with careful reference to SSFP images. A region-of-interest (ROI) was drawn in an area of reference normal myocardium having normal wall motion and no edema on T2 images. Signal thresholds of both N 2 SD and N 5 SD above the reference myocardium were applied, with an automated signal detection algorithm to identify areas of abnormal myocardium (Figs. 1, 2). Extent of LGE was normalized to LV mass for each case, and expressed as a percentage (LGE%) (see Fig. 3 ). When available, echocardiography with 2D speckle tracking for global longitudinal strain was performed during the acute admission, using a GE E9 system and quantitation with Echo-PAC software (Fig. 2) . Controls: 10 patients who had CMR to investigate supra-ventricular tachycardia, with normal CMR scans and no LGE were used as negative controls. A cohort of 10 patients post-ST Elevation myocardial infarction (STEMI) were used as positive controls, and signal ratios of infarcted myocardium to normalized (non-infarct related) myocardium were measured using cvi 42 software. All controls were scanned with an identical protocol and LGE was quantitatively assessed using the same method.
Statistics
Categorical variables are expressed as number and percentage of patients. Continuous data are estimated as mean (SD) or as median. Differences between groups were assessed using the 2-tailed Fisher exact test. Statistical tests were performed using Medcalc and GraphPad Prism (V6.0, LaJolla, CA). The presence of LGE, LGE% and change in left ventricular ejection fraction (LVEF) at follow up were compared using a Student's t-test. Statistically significant changes were designated to occur with a 2-sided p value of b 0.05.
Results
The mean age of patients with TTC was 66 years (range 41-87 years), 91% percent female, of which 90% were post-menopausal (Table 1) .
Identifiable precipitating events were recorded in 82%; such events included new diagnoses of malignancy, orthopaedic trauma, attendance at daughter's funeral, medical illness (diverticulitis, pneumonia), and two cases of emotive discussions. In 18% events were not recorded although it is recognised that a proportion of patients with TTC may not have a clearly identifiable precipitating event [1] . One female patient, who presented with pericardial tamponade (due to malignant effusion) and normal wall motion on baseline echocardiography, developed TTC acutely after pericardiocentesis, which is a previously unreported precipitating event. One patient had significant left ventricular outflow tract obstruction, with systolic anterior motion of the mitral valve. Screening for pheochromocytoma revealed no abnormal results in this cohort.
Cardiac magnetic resonance was performed in the acute phase with a mean door-to-CMR time of 57 h. Wall motion defects were present in all cases; the typical "apical ballooning" wall motion defect was present in 28 cases, and a midwall variant in 16 cases (Table 1 ). There was no significant difference in LVEF between these two groups (mean 40% vs 44% respectively, p = NS). 18 patients (41%) had LGE N 2 SD localized to the area of abnormal wall motion, representing 28.9 ± 11.2% LV mass. In 16 of these 18 patients (89%) LGE was N 5 SD above normal myocardium, representing 12.1 ± 10% LV mass. LGE signal intensity of N5 SD in this condition has not been previously described. The pattern of LGE differed to that seen in both ischemia and myocarditis, in that it involved the full thickness of the affected myocardium in a diffuse manner, rather than the sub-endocardial high signal present in ischaemic injury, or the sub-epicardial layers typically seen in myocarditis. Of interest, the patient with resuscitated sudden cardiac death also exhibited right ventricular involvement manifest by dyskinesia in the mid-segments of the right ventricular free wall, which recovered on subsequent imaging. Mean ejection fraction (EF) by CMR was 45% ± 8.7 in LGE-negative, and 40% ± 7.1 in LGE-positive patients (p = 0.37). Recovery of segmental function was confirmed at follow-up, mean EF was 59% in both groups.
Mean troponin was significantly higher in LGE positive patients (2.5 ± 1.8 vs 4.4 ± 6.9, p = 0.001) [Fig. 4 ] Mean ejection fraction (EF) by CMR was 45% ± 8.7 in LGE-negative, and 40% ± 7.1 in LGE-positive patients (p = 0.37) [Fig. 5 ]. All patients experienced full recovery of function at follow-up (**p b 0.01).
LGE positive patients had a higher serum peak troponin-I in the acute phase (2.5 ± 1.8 vs 4.4 ± 6.9, p = 0.001) [Fig. 4 ]. Of note, LGE signal intensity in TTC patients was significantly greater than in controls (p b 0.05) but significantly lower than in STEMI patients (p b 0.05).
At 6 months follow-up all patients had full resolution of left ventricular systolic function as assessed by echocardiography; acute-phase mean EF was 43% ± 8.5% (range 25-51%), and at follow-up mean EF 64.4 +/− 7%, (p = 0.001). This recovery of left ventricular function is consistent with the natural history of TTC [16] . 16 patients also received follow-up CMR at a mean duration of 8 months (range 2-27 months) after the index event. Ejection fraction had normalized in all cases (mean EF 43 +/− 10%, follow-up mean 60.2 +/− 7%, p = 0.001). In all patients with LGE, enhancement fully resolved on follow-up CMR with normalization of signal intensity and no residual LGE detectable by quantitative signal analysis.
The majority of patients were discharged on medical therapy of angiotensin converting enzyme inhibitors, beta-blockers, and aspirin, although there is little evidence to guide clinicians in the effectiveness of such therapies. One LGE-positive patient received an implantable defibrillator as secondary prevention for resuscitated sudden cardiac death, and could not therefore undergo a follow-up CMR study.
Discussion
Myocardial late gadolinium enhancement (LGE) does occur in the TTC syndrome, in contrast to initial reports which propose the absence of LGE as a diagnostic criterion [11] . In this single-centre series, LGE was confirmed using quantitative signal intensity analysis in 41% of TTC patients, occurring in a diffuse pattern through the areas of myocardial stunning, 89% of which were N 5 SD above normal myocardium. Late gadolinium enhancement in TTC may represent diffuse myocyte damage, which would be consistent with the higher serum troponin levels in the LGE positive group. This finding gives some insight into the nature of myocardial damage occurring in these patients.
Late gadolinium enhancement (LGE)
The LGE was diffuse in appearance compared to adjacent normal myocardium. This pattern of LGE differed to that seen in ischemia or myocarditis; ischemia produces bright subendocardial or transmural enhancement whereas myocarditis produces midwall or subepicardial enhancement. In TTC the LGE appears to occur in a segmental distribution associated with abnormal wall motion, and resolves with time. The pathophysiology of myocardial LGE results from the inherent relative differences in the volume of distribution of gadolinium between normal and abnormal myocardium [17, 18] . The distribution of gadolinium is confined to the extracellular and interstitial space, i.e. it does not penetrate intact myocardial cell membranes. In the normal myocardium, the interstitial space constitutes about 15% of the total myocardial volume. Changes to the interstitium, such as oedema or infiltration, increase the volume of distribution allowing a larger amount of gadolinium to penetrate into the tissue. Myocyte necrosis results in loss of cell membrane integrity, and allows intracellular accumulation of gadolinium which explains the LGE seen in myocardial infarction [14, [19] [20] [21] .
Rolf et al. reported 15 patients with TTC using serial endomyocardial biopsy correlated with CMR imaging to explore the differences in the extent of oedema, necrosis, and fibrosis [18] . In that report LGE was assessed dichotomously as either present or absent, but the degree of LGE was not quantified. Immunohistochemical analysis of endomyocardial biopsies was reported to show disorganization of contractile and cytoskeletal proteins, elevated extracellular matrix, but not cell death. The authors concluded that the diffuse LGE pattern seen their study resulted from expansion of extracellular matrix and acute fibrosis, rather than due to cell necrosis or oedema. In the present study, however, the trend to higher mean TnI values in patients with diffuse LGE implies a greater degree of myocyte disruption or death in those patients. Troponin is specific for myocardial cell damage, and any positively detectable circulating serum troponin (N99th percentile upper limit of normal) reflects microscopic zones of myocardial necrosis, as defined in the ESC/ACCF/AHA/WHF task force definition. The positive troponin in these patients suggests myocyte damage is occurring, possibly in a diffuse manner within the affected area of myocardial stunning. A larger sample cohort would be required to test the validity of this observation.
It should be noted, also, that endomyocardial biopsy as performed by Rolf et al. targets the sub-endocardium with limited penetration into the myocardium, and the diffuse pattern of LGE seen in the present study was not subendocardial in nature. It is possible, therefore, that endomyocardial biopsy may not have detected regions of mid-wall myocyte necrosis, or that other factors may be involved in the mechanism of diffuse LGE. To further clarify this issue, an autopsy case with a prior in-vivo CMR would be required to further correlate the true nature of LGE in TTC; much as demonstrated by Moon et al. for hypertrophic cardiomyopathy in which the histological basis for LGE for that condition was defined [22] . Partial or complete resolution of LGE over time has been well documented in myocarditis [15, 23, 24] , the mechanism of which is not entirely understood. The same appears to be true for LGE in the Tako-tsubo cardiomyopathy, in which LGE may be a manifestation of multiple factors including cellulary injury, oedema, expanded extracellular matrix and acute fibrosis.
The present results suggest that absence of LGE should not be a defining criterion for TTC, in contrast to previous reports [8, 11, 16, 24] .
LGE signal intensity of up to 3 SD has been reported previously [25] , including in midwall-variant TTC [9, 10] .
In our study, however, LGE was observed at increased signal intensities N 5 SD using identical methods and software as previous studies. We postulate two reasons for the increase in LGE in our study. Firstly our cohort had scans early in the acute phase, and secondly the dose of gadolinium in our protocol is higher as compared to the above study (0.2 mmol/kg vs 0.1 mmol/kg). It is unclear from this small observational study whether presence of LGE confers a worse prognosis with altered myocardial recovery or greater a propensity for recurrence. There was however no difference in follow-up LV function as assessed by echocardiography or CMR in this group.
Wall motion
We noted that the LGE was pronounced in the area of wall motion abnormality. The mid-wall variant formed 45% of this patient cohort, which is similar to previous reports [8, 26] . There was no significant difference in ejection fraction, or propensity for diffuse LGE, between the mid-wall and apical variants; but the study was not statistically powered to detect such a difference. The patient with resuscitated sudden cardiac death also exhibited right ventricular involvement, as manifested by dyskinesia of the right ventricular free wall, resolving on follow-up imaging. Right ventricular involvement has been reported to be associated with a more severe clinical manifestation including acutely decompensated heart failure or shock [11] . There is debate as to the relevance of various wall motion defects in TTC, which simply may represent partial recovery of some segments. Recently, opinionleaders stated that "subclassifying and renaming this cardiomyopathy according to specific LV contraction patterns could lead to more confusion" [1] . These authors recommended researchers categorize the diverse forms of wall motion abnormalities under the broad term of "Tako-tsubo cardiomyopathy". [17] . We believe this is an accurate, quantitative and carefully-performed study which has highlighted subtle but definite changes in myocardial tissue characterization, detected as a result of MRI very early in the clinical course of Tako-tsubo patients (short door-to-MRI time, allowing detection of diffuse LGE signal in these patients). This novel observation adds to our understanding of the pathophysiology in Tako-tsubo cardiomyopathy.
Conclusion
Late gadolinium enhancement does occur in the Tako-tsubo cardiomyopathy syndrome, in a diffuse manner, with signal intensity N 5 SD in some patients. The pattern of LGE is different to that seen in ischemia, myocarditis, or infiltrative disorders of the myocardium. LGE occurs in the affected area of myocardial stunning. "Absence of LGE" per se cannot therefore be used as a criterion for the diagnosis of TTC. Further collaborative multi centre studies, with agreement on imaging protocols, assessment of perfusion, follow-up timing and core-lab interpretation of CMR images and LGE quantification, coupled with biomarker and immunohistochemical analyses, are required to further define the natural history and aetiology of this disorder and of the pathophysiology underling CMR enhancement patterns. [18] .
